ABSTRACT Intracellular protein levels of diverse transcription factors (TFs) vary periodically with time. However, the effects of TF oscillations on gene expression, the primary role of TFs, are poorly understood. In this study, we determined these effects by comparing gene expression levels induced in the presence and in the absence of TF oscillations under same mean intracellular protein level of TF. For all the nonlinear TF transcription kinetics studied, an oscillatory TF is predicted to induce gene expression levels that are distinct from a nonoscillatory TF. The conditions dictating whether TF oscillations induce either higher or lower average gene expression levels were elucidated. Subsequently, the predicted effects from an oscillatory TF, which follows sigmoid transcription kinetics, were applied to demonstrate how oscillatory dynamics provide a mechanism for differential target gene transactivation. Generally, the mean TF concentration at which oscillations occur relative to the promoter binding affinity of a target gene determines whether the gene is up-or downregulated whereas the oscillation amplitude amplifies the magnitude of the differential regulation. Notably, the predicted trends of differential gene expressions induced by oscillatory NF-kB and glucocorticoid receptor match the reported experimental observations. Furthermore, the biological function of p53 oscillations is predicted to prime the cell for death upon DNA damage via differential upregulation of apoptotic genes. Lastly, given N target genes, an oscillatory TF can generate between (N -1) and (2N -1) distinct patterns of differential transactivation. This study provides insights into the mechanism for TF oscillations to induce differential gene expressions, and underscores the importance of TF oscillations in biological regulations.
INTRODUCTION
A wide repertoire of diverse transcription factors (TFs) has been observed to display oscillatory dynamics wherein their intracellular protein levels vary periodically with time. TF oscillations are associated with a variety of biological processes such as circadian cycle, somite segmentation in embryogenesis, cell cycle, and yeast glucose metabolism (see Table S1 in the Supporting Material). Typically, the TF oscillation period in these cellular contexts ranges from 40 min to 24 h (Table S1 ). TF oscillations can also be induced in response to specific cellular stimuli; for instance, NF-kB oscillations upon specific receptor ligand activation, p53 oscillations upon DNA damage, and Stat3 and Smad1/5/8 oscillations in the presence of serum (Table  S1 ). Interestingly, the inducible oscillatory TFs are each involved in one or more autoregulatory transcriptional feedback loops in which their transcriptional activities are inhibited by the respective target gene products. Such feedback loops have been proposed as a mechanistic basis for TF oscillations (1) .
Depending on the biological processes, external stimuli, and cell types, between tens to thousands of mRNAs exhibit oscillatory expression dynamics (see Table S1 ). Although this suggests a widespread propagation of oscillatory gene expression dynamics due to oscillatory TFs, the oscillations are propagated to specific genes and in specific cell types. For instance, among the 933 circadian gene transcripts expressed in both mouse liver and heart, only 52 transcripts are oscillatory in both tissues and the rest exhibit oscillatory dynamics in only one of the tissues (2) . This indicates that oscillatory gene expressions are regulated and are essential for physiological functions. There are several well-known examples of oscillatory gene expression and associated cellular behavior: for instance, circadian oscillations are required for functional electrical responses to light in the mouse retina (3); somite segmentation oscillations are required for proper differentiation of neuronal cells (4); distinct differences exists between the p53 oscillation profiles of normal and cancer-prone Bloom's syndrome patients' fibroblast cells (5) ; and cells manifesting p53 oscillations may possess a lower death threshold upon DNA damage (6) . Furthermore, differential expression of target genes induced by different NF-kB oscillation profiles has been reported (7, 8) . This particular case truly exemplifies the role of TF oscillations as a means for a cell to discern and respond to different stimuli. Genome-wide oscillations of transcription in yeast and in metabolism cycles have also been suggested to facilitate temporal compartmentalization and coordination of biological processes (9) .
At the target gene promoter site, the temporal TF binding occupancy mimics the oscillatory dynamics of the TF intracellular concentration. Studies on NF-kB showed that the dynamic binding occupancy of oscillatory NF-kB on its target gene promoters tracks its oscillation profile. Specifically, NF-kB-mediated recruitment of RNA Pol II binds to and associates to promoters of target genes (MIP-2, IkBa, and IP-10) in a cycling manner that closely synchronized with NF-kB oscillation profiles (7, 10, 11) . The close tracing between free and promoter-bound NF-kB is due to rapid turnover of promoter-bound NF-kB by proteasomal degradation, a general cellular mechanism used by numerous TFs to regulate transcription initiation in response to changing intracellular TF level (12) (13) (14) (15) . Similar tracing of pulsatile glucocorticoid receptor (GR) intracellular concentration on promoter occupancy and transcription was also observed (16) . In addition, a recent study on the bursting kinetics of mammalian gene expression reported that the burst frequency and size of the circadian genes Bmal1a/b, Dbp, and Per2::luc oscillate during a circadian cycle (17) .
Despite their prevalence, the mechanisms by which oscillatory TFs regulate myriad key cellular processes and why they are essential to these biological functions have not been studied in detail. Previous studies have focused predominantly on the elucidation of mechanisms that produce TF oscillations (18) (19) (20) . As the primary role of a TF is in the activation of gene expression, we examined in this study the effects of TF oscillations on gene expression. As it is common for a TF to regulate numerous target genes that do not necessarily participate in same biological functions, we investigate whether TF oscillations affect the expression levels of all target genes uniformly. To determine these effects, the respective expression levels of each target gene induced in the presence and in the absence of TF oscillations were compared, under the condition that the mean intracellular protein level of TF in both scenarios are equal. Because of the broad variety of oscillatory TFs and the even larger repertoire of their target genes, it is desirable to determine the universal effects of TF oscillations on gene expressions. Hence, five common nonlinear transcription kinetics that apply to most TFs were studied.
For all the transcription kinetics investigated here, an oscillatory TF is found to induce gene expression levels that are distinct from a nonoscillatory TF, even when the mean intracellular levels of TF in the presence and absence of oscillations are identical. In particular, conditions that determine whether the average gene expression levels induced by an oscillatory TF are higher or lower than those induced by a nonoscillatory counterpart were elucidated. Subsequently, the predicted effects on gene expression for an oscillatory TF, which follows sigmoid transcription kinetics, were applied to demonstrate that oscillatory dynamics can serve as a mechanism for differential transactivation of target genes. Generally, the mean TF concentration at which oscillations occur relative to the promoter binding affinity of a target gene determines whether the gene is up-or downregulated, whereas the oscillation amplitude amplifies the magnitude of the differential regulation.
Notably, the predicted trends of differential expressions of target genes regulated by oscillatory TFs, NF-kB, and GR, match the reported experimental observations (21, 22) .
To address the biological function of TF oscillations, we have analyzed the cellular consequences of p53 oscillations induced by gamma-radiation that generates DNA damage. Our analysis predicts that p53 oscillations prime the cell for death via differential upregulation of apoptotic genes and downregulation of cell cycle and DNA repair genes. Lastly, the total number of patterns of differential gene expressions an oscillatory TF can generate was determined. We find that for N target genes, depending on the types of TF transcription kinetics, between (N -1) and (2N -1) distinct patterns are possible. into the transcription kinetics curve; X TF , A TF , and P, respectively, denote the mean intracellular TF level, TF oscillation amplitude, and TF oscillation period. The area under the transcription rate versus time curve for one TF oscillation period was then obtained by Trapezium's Rule implemented in MATLAB Ver. 6.5, Rel. 13 (The MathWorks, Natick, MA). In the absence of TF oscillations, A TF is set to zero and the area under the transcription rate versus time curve was obtained similarly. Nonsigmoid TF kinetics curves for analyses are generated by the mathematical expression k M ½TF n ;
MATERIALS AND METHODS

Analyses of transcription kinetics
where n > 1 for positive TF binding cooperativity, n < 1 for negative TF binding cooperativity, and n ¼ 0 for the absence of TF binding cooperativity by the Hill function
where n < 1 for negative TF binding cooperativity; and by the Weibull function 1 À exp
where B < 1. Sigmoid TF kinetics curves for analyses were generated as follows: for the inflection point (IP) that occurs at one-half of the maximal transcription rate (R max ) (see Fig. 3 , left panel), the Logistic function,
and the Quadratic function, 
Numerical simulations
Time-course trajectories of intracellular mRNA concentration were obtained by numerical integration of the ordinary differential equation describing the mathematical models using a modified Rosenbrock formula of order 2 that is implemented in the MATLAB. To obtain the mean expression level of a target gene in the presence of TF oscillations (~[M]), the area under the mRNA time-course trajectory at steady state was obtained by Trapezium's Rule for one TF oscillation period, and was subsequently divided by the TF oscillation period. On the other hand, the expression level of a target gene in the absence of TF oscillations ([M]) was obtained from reading the mRNA concentration from the time-course trajectory at steady state.
RESULTS
The fold difference (FD) is used to compare between gene expression levels induced in the presence to the absence of TF oscillations, under the condition that the mean level of the oscillatory TF is equal to the nonoscillatory TF level. It is defined as
where~ [M] and [M] , respectively, denotes the mean gene expression level at steady state induced in the presence and absence of TF oscillations. Because the gene expression rate constants in the numerator and denominator cancel out, this facilitates the study of TF oscillation parameters on their effects on gene expression. TF oscillations are approximated by a sinusoidal function, which is a common choice experimentally and often a good approximation physically (23, 24) . X TF , A TF , and A* TF (¼ A TF /X TF ) denote the mean intracellular TF level, TF oscillation amplitude, and normalized TF oscillation amplitude, respectively (Fig. 1, bottom  panel) . To study the effects of TF oscillations on gene expression, trends of FD as a function of A* TF were determined for five general nonlinear transcription kinetics.
Transcription kinetics with positive TF binding cooperativity
As depicted in Fig. 1 (top-left panel) , for the case with positive TF binding cooperativity, the gradient of the and a nonoscillatory (line) TF. Areas demarcated as þ and -, respectively, denote regions bounded by the curve and the line. The time-averaged transcription rate in the presence of TF oscillations was obtained by averaging the transcription rate over time and is indicated in the figure.
Biophysical Journal 102(11) 2413-2423 transcription kinetics curve is increasing with TF concentration, [TF] ; transcription rate here refers to the rate of mRNA production. In this case, TF oscillations always induce higher gene expression levels, i.e., FD > 1, as explained below.
As illustrated in Fig. 1 (top-left panel) , a consequence of the increasing gradient of the transcription kinetics curve is that the range of transcription rates traversed during an upcycle (þ) of a TF oscillation pulse is larger than during its downcycle (-). Accordingly, the resultant transcription rate as a function of time is plotted (Fig. 1, top-right panel) ; the shaded line denotes the transcription rate in the absence of TF oscillations. Note that although the TF oscillation profile is symmetrical (Fig. 1, bottom panel) , the resultant transcription rate curve is nonsymmetric. The amount of mRNA expressed at steady state is thus proportional to the area under the curve. During an upcycle pulse, an oscillatory TF expresses more mRNA than the nonoscillatory case as area under the upcycle curve is larger than area under the shaded line. With the same analysis, an oscillatory TF expresses less mRNA during a downcycle pulse. In one TF oscillation period (i.e., one up-and one downcycle pulse), the total area under the curve is larger than the total area under the shaded line and hence, TF oscillations express a higher mean level of gene expression. This is because, as portrayed in the right panel, the area enclosed by the curve and the shaded line during an upcycle (demarcated as þ) is greater than during a downcycle (demarcated as À), as a result of the larger range of transcription rates traversed during an upcycle (top-left panel). This result can also be deduced from the higher time-averaged transcription rate in the presence of TF oscillations (right panel).
For the purpose of mathematical analysis, the following transcription model with positive TF binding cooperativity (25) was solved analytically, In addition to the expected result of FD > 1 (as defined in Eq. 1), FD is found to increase with A* TF and n but is otherwise independent of model parameters including transcriptional time-delay (refer to Text S1 in the Supporting Material for the mathematical derivation). Fig. 2 shows the trends of FD versus A* TF at n ¼ 2 and 4 from numerical simulations. As A* TF is increased, the range of transcription rates traversed by an upcycle increase more than the corresponding range traversed by a downcycle; this is a result of the increasing gradient of the transcription kinetics curve. On the other hand, the greater the extent of TF binding cooperativity (higher n), the steeper the slope of the transcription kinetics curve, and thus the larger the difference in the range of transcription rates traversed by an up-versus a downcycle. The transcriptional time-delay does not affect the FD.
Transcription kinetics with negative TF binding cooperativity
As the slope of the transcription kinetics curve decreases, TF oscillations always induce lower gene expression levels, i.e., FD < 1. The explanation is analogous to the positive TF binding cooperativity case (see Fig. S1 in the Supporting Material). Intuitively, in the case of a linear transcription kinetics curve, TF oscillations have no effect on gene expression level, i.e., FD ¼ 1 (see Fig. S2 ).
Sigmoid transcription kinetics
In a sigmoid transcription kinetics curve, the directionality of its slope changes at the IP (inflection point), increasing when X TF < X IP while decreasing when X TF > X IP (Fig. 3 A) . Therefore, X TF or the mean TF level at which TF oscillations occur will determine whether TF oscillations induce higher or lower gene expressions. Generally, TF oscillations result in higher gene expression levels when the mean TF level at which oscillations occur is below X IP , whereas TF oscillations result in lower gene expression levels when they occur after X IP .
For the particular case where IP occurs at one-half the maximal transcription rate (R max ), as depicted in Fig. 3 B, the trends follow the positive TF binding cooperativity case for X TF < X IP (i.e., FD > 1) and the negative TF binding cooperativity case for X TF > X IP (i.e., 0.5 < FD < 1 because for one-half of the period, transcription is increased with respect to the average).
In the case where IP < 0.5R max , FD > 1 when X TF < X IP (similar to Fig. 3 B, top panel) . When X TF > X IP , four distinct trends of FD versus A* TF were obtained (Fig. 4 A) of which a minimum point of FD is manifested in the first two trends. Interestingly, the first trend indicates that even when X TF is fixed, as A* TF is increased, FD varies from <1 to >1, that is, TF oscillations induce from lower to higher gene expression.
In the case where IP > 0.5R max , 0.5 < FD < 1 when X TF > X IP (similar to Fig. 3 B, bottom panel) . When X TF < X IP , four distinct trends of FD versus A* TF were obtained (Fig. 4 B) of which a maximum point of FD is manifested in the last two trends. The last trend indicates that even when X TF is fixed, as A* TF is increased, FD varies from >1 to <1, that is, TF oscillations induce from higher to lower gene expression.
To determine whether the FD trends are valid when either X TF is far below or far above X IP , the FDs from model simulations were plotted against X TF at various A* TF (refer to Fig. S3 and Text S2 in the Supporting Material). The plots show that the FD (> 1) plateaus at the maximum value when X TF is far below X IP . In contrast, the minimum value of FD (< 1) occurs after X IP , and approaches one when X TF is far above X IP . Furthermore, the FD trends can be used to infer the effect on downstream transcription when an incoming signal changes the TF oscillation profile. Specifically, the relative level of X TF to X IP determines whether a target gene will be either up-or downregulated whereas A* TF amplifies the magnitude of the differential regulation. As illustrated in Fig. S3 , when X TF < X IP , FD (> 1) or magnitude of upregulation increases with A* TF whereas when X TF > X IP , FD decreases (< 1) or magnitude of downregulation increases with A* TF . This conclusion applies except when X TF is near X IP , where the FD trend exhibits a stationary point (Fig. 4) . The TF oscillation period, however, has no effect on gene expression levels (Text S1 and 
Validation of predictions against NF-kB and GR experimental data
A corollary from the predicted effects of oscillatory TFs that exhibit sigmoid transcription kinetics is that at any given mean TF level (X TF ) at which oscillations occur, a target gene regulated by a promoter with high TF affinity is more likely to obtain a lower FD than one regulated by a low affinity promoter. This is because, as the inflection point (IP) of the transcription kinetics curve occurs at a lower TF concentration (X IP ) for a gene regulated by a high affinity promoter, it is more likely for X TF to exceed X IP ; recall that FD < 1 when X TF > X IP and FD > 1 when otherwise (Fig. 3) . This corollary can be validated using gene expression data available from two oscillatory TFs, NF-kB, and the glucocorticoid receptor (GR), which exhibit sigmoid transcription kinetics (26) (27) (28) (29) .
NF-kB oscillations are induced upon TNF-a stimulation whose target genes are involved in inflammation, immune response, and anti-apoptosis (11) . Ten target gene expression levels were reported in the presence (upon stimulation with TNF-a) and absence (upon costimulation with TNF-a and CHX) of NF-kB oscillations for 3 h at 30-min intervals (21) . To allow for steady state, the FD of each gene was computed at the last time-point (tabulated in Table S2 A and Text S3 A in the Supporting Material). As the NF-kB to promoter binding affinities of most of the genes are not available, their relative affinities are inferred from their response times and average expression levels induced in the absence of oscillation (see Table S2 A and Text S3 A in the Supporting Material). Genes regulated by a low affinity promoter are reported to respond later and are expressed at lower levels than genes regulated by a high affinity promoter; see The correlation results indicate that FD anti-correlates with promoter binding affinity. This has two biological consequences:
First, an oscillatory TF preferentially upregulates genes with low promoter affinities whereas it preferentially downregulates genes with high promoter affinities. Indeed, this balancing act of gene expression in the presence of NF-kB oscillations has been reported by Sung et al. (21) . They highlighted that limiting the expression of cytokines and chemokines, which have high promoter affinities, is important in various signaling contexts as their overproduction would be dangerous.
Second, when TF oscillations lead to upregulation, genes with relatively lower promoter affinities are upregulated at higher folds than genes with relatively higher promoter affinities.
p53 oscillations is predicted to prime a cell for death upon DNA damage p53 activates many genes that impinge on cell cycle arrest, DNA damage repair, apoptosis, and anti-angiogenesis (31), and is the most frequently mutated or inactivated tumor suppressor gene in human cancers. As binding affinities of various target gene promoters have been measured (see Table  S3 and Text S6 in the Supporting Material), we can predict their FDs using p53 oscillation profiles estimated from experiments (32) . As shown in Fig. 5 C, in the presence of p53 oscillations, all the differentially upregulated genes (i.e., FD > 1) are involved in apoptosis; this is a consequence of low promoters' affinities of these apoptotic genes. Therefore, a predicted role of p53 oscillations is to prime the cell for apoptosis. Interestingly, p53 oscillations are observed thus far in specific dividing cell types upon ionizing radiation (1, (33) (34) (35) , i.e., such cells are less tolerant of DNA damage generated by irradiation, and given that DNA repair genes are differentially downregulated (FD < 1) (Fig. 5 C) , they are more likely to undergo cell death than to repair the DNA and risk propagating the damaged genome to daughter cells.
FD at transient
The time evolution of NF-kB target genes' FDs was derived from available experimental data (21) , which are listed in Table S4 and depicted in Fig. S5 . Most of the FDs differ considerably from the value of one at 1 h post-TNF-a stimulation and by 2 h (or approximately one NF-kB oscillation period later), they are approaching steady state, except for FIGURE 5 Validation and predictions using experimental NF-kB, GR, and p53 oscillations data. (A and B) Correlation studies using published NF-kB and GR experimental data to validate the predictions from the analyses. Connected data points denote target genes that fit the correlation; refer to Table S2 and Text S3 in FDs of late responsive genes Rantes and IL-15. In addition, the transcription model (Eq. 2) was used to investigate whether the time required for gene expression levels to reach steady state, which is determined predominantly by the TF oscillation period and the mRNA's degradation rate, affects the transient FDs. The transient FD versus number of TF pulses elapsed was obtained when either TF oscillation period was varied from 1 to 24 h (see Fig. S6 A for FD > 1; Fig. S6 B for FD < 1) , or when mRNA degradation rate was varied from 0.1 to 0.0001 min À1 (Fig. S7 A for FD > 1; Fig. S7 B for FD < 1) . Similar to the transient FDs observed in NF-kB target genes, they approach their respective long time average values after one TF pulse has elapsed, regardless of the time taken for the expression level to reach steady state. These observations indicate that the effects on gene expression levels occur early upon the manifestation of oscillatory TF dynamics spanning from ultradian to circadian biological contexts.
DISCUSSION
Effects of TF oscillations on gene expression were studied on five general nonlinear transcription kinetics (Figs. 1-3 and Fig. S1 ). For each case, trends of fold difference (FD, as defined in Eq. 1) as a function of A* TF (normalized TF oscillation amplitude) were obtained to compare gene expression levels, induced in the presence of TF oscillations, to the case where there is no TF oscillation, under the condition that both the oscillatory and nonoscillatory TF have identical average intracellular levels. Notably, TF oscillations induce distinct levels of gene expression. In particular, sigmoid transcription kinetics leads to multiple distinct trends of FD (Figs. 2 and 3) . Generally, the mean TF concentration at which oscillations occur relative to the promoter binding affinity of a target gene determines whether the gene is up-or downregulated whereas the oscillation amplitude amplifies the magnitude of the differential regulation.
These effects were applied to predict the respective trends of differential expressions of oscillatory NF-kB and GR target genes, and were found to match experimental observations. Furthermore, the biological role of TF oscillations is examined using p53 as a case study. Specifically, a predicted function of p53 oscillations is to prime the cell for apoptosis upon DNA damage. In contrast, only one distinct trend is observed for nonsigmoid transcription kinetics ( Fig. 1 and see Fig. S1 ). TF oscillations always induce higher levels of gene expression than in the absence of oscillations, when TF binding cooperativity is positive. When TF binding cooperativity is negative, TF oscillations always induce lower levels of gene expression. However, TF oscillations have no effect on gene expression level when transcription kinetics is linear (see Fig. S2 ).
For TFs whose target genes are involved in disparate biological functions, the ability to execute differential transactivation in response to specific cellular stimulation is crucial. As discussed above, the multiplicity of effects generated by an oscillatory TF that follows sigmoid transcription kinetics could provide the mechanism for differential transactivation of target genes. It is thus perhaps not coincidental that oscillatory NF-kB, GR, and p53, which transactivate myriad target genes, all exhibit sigmoid transcription kinetics (26) (27) (28) (29) 31, 36) . Therefore, it is useful to generalize the total number of possible differential gene expression patterns that could be generated from an oscillatory TF.
The specific pattern of differential gene expression is dictated by the mean level of TF at which oscillations occur (X TF , Fig. 1, bottom panel) . As an illustrative example, consider three NF-kB target genes, TNF-a, VCAM, and Rantes (in decreasing order of promoter binding affinities), and assume that the inflection point of the NF-kB transcription kinetics curve occurs at half the maximal transcription rate i.e., IP ¼ 0.5R max (Fig. 3) . As portrayed in Fig. 6 A, there are four numerical ranges of X TF where TF oscillations result in distinct pattern of FDs among the three genes. At X TF < X IP,TNFa , for instance, no differential transactivation occurs because all genes are expressed higher than in the absence of NF-kB oscillations (i.e., FD > 1). At X IP,TNFa < X TF < X IP,VCAM , however, TNF-a is differentially downregulated (FD < 1) whereas both VCAM and Rantes are upregulated (FD > 1). This is because the gradient of the transcription kinetics curve is decreasing for TNF-a but are increasing for both VCAM and Rantes. Therefore, differential transactivation occurs when TF oscillations manifest at X TF wherein not all target genes have the same sign in the second derivatives of their respective transcription kinetics curves. In fact, for N target genes regulated by an oscillatory TF with IP ¼ 0.5R max , (N -1) distinct differential gene expression patterns are possible. For N ¼ 3, two such patterns are present (shaded regions in Fig. 6 A) .
TF oscillations can generate even more differential gene expression patterns when the inflection point of the sigmoid transcription kinetics occurs away from half of the maximal transcription rate (Fig. 4) . Consider again the three NF-kB target genes and assume that NF-kB now follows Hill-type transcription kinetics (25, 37, 38) , i.e., IP < 0.5R max (Fig. 4  A) . As shown in Fig. 6 B, there are five numerical ranges of X TF where TF oscillations result in distinct differential gene expression patterns (shaded regions). The additional patterns are contributed by the possibility to attain FD z 1 for X TF > X IP (i.e., TF oscillations have no effect) due to the first FD versus A* TF trend depicted in Fig. 4 B. For N target genes, a total of (2N -1) distinct differential gene expression patterns are possible. The same number of distinct differential gene expression patterns is also obtained for the case where IP > 0.5R max (see Fig. S8 ). Because an oscillatory TF could exhibit sigmoid transcription kinetics with different IP magnitudes to each of its target genes, the total number of distinct differential gene expression patterns possible is between (N -1) and (2N -1) inclusively; transcription kinetics curves of GR target genes, for instance, have different IPs (27) (28) (29) .
In summary, the capacity of an oscillatory TF to differentially transactivate genes originates from its ability to induce distinct levels of gene expression (as compared to a nonoscillatory counterpart), which is a consequence of both the inherent nonlinearity in the transcription kinetics and the TF's differential binding affinities for the promoters of target genes. The extent of nonlinearity is contributed by the TF binding cooperativity, a common biological phenomenon (26, 39) . For instance, the genomic organization of most functional p53 DNA binding sites is dominated by the need for cooperative interactions (36, 40) . Also, GR binding to DNA is highly cooperative (28, 41) . On the other hand, although TFs generally have a consensus binding sequence to the promoters of its target genes, specific sequence variations are common among target genes. These variations, albeit subtle, can cause significant differences in their relative binding affinities; for instance, NF-kB binding affinities range from pM to nM (42,43) and p53 binding affinities range from nM to mM (31) . Therefore, it is likely that the effects on gene expression predicted here are generally applicable to most oscillatory TFs. Hence, in addition to genetic, epigenetic, and cellular factors such as the availability of cofactors, the chromatin organization of the gene locus and post-translational modifications of TFs, oscillatory dynamics of TF adds to the arsenal of mechanisms for differential transactivation.
In conclusion, our results indicate the existence and plausibility of important biological implications of TF oscillations for gene expression. Given the prevalence of oscillatory TFs and the myriad key biological processes that they and their target genes impinge on, illuminating the effects of TF oscillations on gene expression can aid understanding of their regulatory roles in biological processes. Refer to Figure S6 legend. Oscillation period used in the simulation is P TF = 240min.
SUPPORTING MATERIAL
FIGURE S8. Patterns of differential gene expressions
Top panel -Sigmoid transcription kinetics curves of NF-κB target genes TNFα, VCAM and Rantes (in decreasing order of promoter binding affinities). Bottom panel -ranges of X TF where TF oscillations result in distinct pattern of differential gene expression patterns among the three genes (shaded regions). The inflexion points of the transcription kinetics curves occur at X IP > 0.5R max (see Figure 3B ).
Biological process Oscillation period Oscillatory mRNAs
Circadian 24 hrs 9995 (14 mouse tissues) (3) 650 (mouse SCN and liver) (4) 523 (mouse liver) (5) 410 (mouse heart)
Cell cycle 1.5 to 2 hrs (yeast) (6) hrs to days (mammals) (7) 407 -747 (yeast) (8) (9) (10) 731 (human fibroblasts) (11) Yeast metabolic cycle 40 min (12) 4 to 5 hrs (13) 3552 (13) Somite segmentation in embryogenesis (14) 94 to 112 min (14) 50 -100 (14) NF-κB oscillations induced by TNF, VP16, LPS or RANK-L (15) (16) (17) 100 min (16) 5970 (18) ; 200 -300 target genes (19) (20) (21) p53 oscillations induced by DNA damage 4 to 7 hrs (22) (23) (24) (25) 51 (26, 27) ; > 100 target genes (27, 28) GR oscillations upon pulsing corticosterone stimulation, 1 hr (29) Target gene mediates effects of steroid hormones, thyroid hormones, retinoic acid and vitamin D3 (29) Stat3 oscillations induced by serum or IL-6 (30) 2 h r s (30) Smad 1/5/8 oscillations induced by serum or BM4 (30) 2 hrs (30) Target includes cell proliferation and cell survival genes (31, 32) 
Supporting Material Text S1
Solving for the average amount of mRNA expressed by an oscillatory TF
Eq. (2) where 
where Z and α are constants, Eq. 6 at steady state can be expressed in this form
Eq. (7) where Z 1 and α 1 are constants.
Thus, the average mRNA expressed by an oscillatory TF is obtained by averaging Eq.
7 over an oscillation period. That is,
Eq. (8) Oscillatory TF with n = 2 
Eq. (13) where Z 7 , Z 8 , Z 9 , Z 10 , α 7 , α 8 , α 9 and α 10 are constants. Thus, From Eq. 5, Eq. 8, Eq. 10, Eq. 12 and Eq. 14, 
Supporting Material Text S2
The qualitative FD trends depicted in Figures 3 and 4 for the case where X TF < X IP are valid as long as the gradient of the transcription kinetics curve at X TF is positive. That is, the FD trends can be observed when either X TF is far below X IP or when the oscillation crest does not cross the inflexion point. On the other hand, for the case where X TF > X IP , the qualitative FD trends in the figures are valid even when the transcription kinetics curve plateaus at the maximal rate. This is because when the oscillation amplitude is large enough, the oscillation trough can go below X IP no matter how far X TF is above X IP . As an illustration, the following simulations were performed to obtain FD vs. X TF at various 
Supporting Material Text S3
The processed experimental data (e.g. fold differences) tabulated in Table S2 and plotted in Figures 5A , 5B and S4A, which are used to validate the theoretical predictions of this paper, were derived from published results on NF-κB and GR. The steps involved to process the raw experimental data are described herein.
(A) Processing of raw NF-κB experimental data
The raw data were presented in Figure 6 of Sung et al ( Sung et al (1) reported that the amount of nuclear NF-κB is the net result of the shuttling fluxes between the nucleus and cytoplasm in an IκB-independent manner when IκB synthesis was blocked with CHX ( Figures 4D and S3 therein) . Therefore, to take into consideration the time required for the constituent fluxes to balance, the expression data reported at the last time point (i.e. 3hrs after stimulation) was selected to derive the FDs. It is possible that the NF-κB nuclear levels in the presence and absence of oscillations are not equal, and would lead to either underestimated or overestimated FDs. However, as the relative rankings rather than the numerical values of the NF-κB target genes' FD were used in the correlation studies ( Figure   5A ), the conclusions are not affected. This is because an (over-) under-estimation of the FDs under a considerably (lower) higher non-oscillatory NF-κB nuclear level affects each and every target gene, and thereby would not alter their relative rankings.
To obtain the FD of each target gene at time = 3hr (tabulated in last column of Table S2A ), the transcription folds induced in the presence (tabulated in Column 3 of Table S2A ) and absence (tabulated in Column 4 of Table S2A ) of NF-κB oscillations were extracted from the TNF-α and "TNF-α + CHX" plots respectively at the last time-point. The extracted transcription folds were subtracted with their respective basal transcription folds albeit insignificant, which were extracted from the corresponding plots at time = 0hr. The FDs were then obtained by the division of the two respective resultant values, as summarized in the table below.
Transcription fold at t = 3hr
Transcription fold at t = 0hr
Nett transcription fold at t = 3hr wherein the transcriptional fold change under stimulation with either pulsing corticosterone or constant level of corticosterone, which were quantified by RT-PCR and microarray analyses, were depicted for each of the 15 GR target genes. As RT-PCR quantification is more accurate than microarray, the transcriptional fold change measured by the former method was chosen.
To obtain the FD, the transcriptional fold change quantified by RT-PCR under stimulation with either pulsing corticosterone or constant level of corticosterone were extracted, which are tabulated in Columns 2 and 3 of Table S2B respectively. The To estimate the response times, the time taken for the fold change to exceed one is read from the respective plots and is tabulated below. Monte Carlo simulations were used to obtain the p-value for each of the correlation studies (in Figures 5 and S4 ) by approximating the probability that the number of correlated genes occurs by chance. The following describes the algorithms used in the simulations and the corresponding p-values obtained are tabulated. The simulations were implemented in Java TM 6 wherein the random numbers were generated using the java.util.Random class; source codes are available upon request. 1. The rank of each NF-κB target gene's FD was assigned randomly. A gene whose rank was assigned as "1" means that it has the lowest FD while a rank of "10" denotes the highest FD.
2. The rank of each NF-κB target gene's expression level (in the absence of NF-κB oscillations) was assigned randomly. A gene whose rank was assigned as "1"
means that it has the lowest expression level while a rank of "10" denotes the highest expression level.
3. The genes were sorted in descending order of FD ranks, i.e. from high to low FD.
4. The number of genes whose ranks of FD and average expression level correlate was determined.
5. Steps 1 to 4 were performed for a total of 10 6 times.
6. A total of 10 simulation runs were performed by repeating step 5.
The log frequency histogram obtained from one of the simulation runs is given below. The probability distribution obtained from 10 simulations runs is tabulated below.
Number of correlated genes, G
Mean probability that correlated genes occur by chance, P(G = g) Therefore, p-value of observing 8 correlated NF-κB target genes 1. The rank of each NF-κB target gene's FD was assigned randomly. A gene whose rank was assigned as "1" means that it has the lowest FD while a rank of "10" denotes the highest FD.
2. The rank of each NF-κB target gene's response time was assigned randomly to either one of these values, "1", "2" and "3", which denote respectively early, intermediate and late responsive genes. At the end of the assignment, there must be at least one early, intermediate and late responsive gene assigned. If otherwise, the assignment exercise was repeated.
3. The rank of each NF-κB target gene's average expression level (in the absence of NF-κB oscillations) was assigned randomly. A gene whose rank was assigned as "1" means that it has the lowest expression level while a rank of "10" denotes the highest expression level.
4. The genes were sorted in descending order of response time ranks, i.e. from late to early responsive genes.
5. Genes with the same response time ranks were further sorted in ascending order of average expression ranks, i.e. from low to high expression levels.
6. The number of genes whose ranks of FD and response time correlate was determined.
7. Steps 1 to 6 were performed for a total of 10 6 times.
8. A total of 10 simulation runs were performed by repeating step 7.
Mean probability that correlated genes occur by chance, P(G = g) Therefore, p-value of observing 8 correlated NF-κB target genes = P(G ≥ 8) The probability distribution obtained from 10 simulations runs is tabulated below.
Number of correlated genes, G Mean probability that correlated genes occur by chance, P(G = g) Therefore, p-value of observing 10 correlated GR target genes = P(G ≥ 10) = 0.000328 (D) p-value for classifying GR target gene using their FD and expression level 14 out of 15 GR target genes can be classified such that genes whose FD < 1 are expressed at higher levels (in the absence of GR oscillations) than genes whose FD > 1 ( Figure 5B right panel) . The following computational steps were used to implement the Monte Carlo simulations:
1. The rank of each GR target gene's FD was assigned randomly. A gene whose rank was assigned as "1" means that it has the lowest FD while a rank of "15" denotes the highest FD.
2. The rank of each GR target gene's expression level (in the absence of GR oscillations) was assigned randomly. A gene whose rank was assigned as "1"
means that it has the lowest expression level while a rank of "15" denotes the highest expression level.
The first 8 sorted genes were marked as genes whose FD > 1 whereas the next 7 sorted genes were marked as genes whose FD < 1.
4. The number of genes whose FD < 1 are expressed at higher levels than genes whose FD > 1 was determined.
Mean probability that correlated genes occur by chance, P(G = g) Therefore, p-value of observing 14 correlated GR target genes = P(G ≥ 14) = 0.00234 (E) p-value for correlating NF-κB target gene response time with average expression level over 3hrs 9 out of 10 NF-κB target gene response times correlate with their expression levels at time = 3hrs (in the absence of NF-κB oscillations) ( Figure S4A ). The following computational steps were used to implement the Monte Carlo simulations:
1. The rank of each NF-κB target gene's average expression level (in the absence of NF-κB oscillations) was assigned randomly. A gene whose rank was assigned as "1" means that it has the lowest expression level while a rank of "10" denotes the highest expression level.
2. The rank of each NF-κB target gene's response time was assigned randomly to either one of these values, "1", "2" and "3", which denote respectively early, 3. The genes were sorted in ascending order of average expression ranks, i.e. from low to high average expression levels over 3hrs.
4. The number of genes whose ranks of average expression levels and response times correlate was determined. In the set of correlated genes identified (if any), it must contains at least one early, intermediate and late responsive gene.
Mean probability that correlated genes occur by chance, P(G = g) 
